We present a detailed analysis of light scattering experiments performed on the quarter-filled spin ladder compound α ′ -NaV 2 O 5 for the temperature range 5 K≤T≤300 K. This system undergoes a phase transition into a singlet ground state at T=34 K accompanied by the formation of a super structure. 
ground state at T=34 K accompanied by the formation of a super structure.
For T≤34 K several new modes were detected. Three of these modes are identified as magnetic bound states. Experimental evidence for charge ordering on the V sites is detected as an anomalous shift and splitting of a V-O vibration at 422 cm −1 for temperatures above 34 K. The smooth and crossover-like onset of this ordering at T CO = 80 K is accompanied by pretransitional fluctuations both in magnetic and phononic Raman scattering. It resembles the 1 effect of stripe order on the super structure intensities in La 2 NiO 4+δ .
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I. INTRODUCTION
Low dimensional quantum spin systems have recently attracted strong experimental as well as theoretical interests. Despite their principally simple crystal structure they exhibit a variety of unusual ground states and excitations. One of these unusual phenomena which are very specific to one-dimensional spin systems is the spin-Peierls transition. The nature of this transition is an instability of a spin-1/2 Heisenberg chain against a dimerized ground state due to a coupling of the spins to the lattice. This instability appears as a well defined thermodynamic phase transition at a finite temperature. Thereby the lattice undergoes a distortion leading to a small structural change and thus to a super structure. On the other hand, two neighboring spins dimerize leading to a singlet ground state and a singlet-triplet gap in the magnetic excitation spectrum [1] [2] [3] .
If an additional frustration due to next nearest neighbor exchange interaction is present,
as, e.g., in the inorganic spin-Peierls compound CuGeO 3 4-7 , a magnetic singlet bound state exists that is combined of two triplet excitations. This bound state is indeed observed in Raman experiments due to exchange light scattering (no spin flip, i.e. ∆S=0) [8] [9] [10] . In spin ladders multiple magnetic bound states of triplet or singlet character are expected 11 .
Here, with increasing spin frustration the binding energy and the number of bound states increases. It is proposed that the quantum phase transition from a gapless into a quantum disordered state with gapped elementary excitations is characterized by the condensation of many particle bound states 11 .
However, recent X-ray structure data analysis at room temperature is not in favor of the previously reported non-centrosymmetric structure 15 and of the picture of a one-dimensional Heisenberg chain. They clearly give evidence for the centrosymmetric space group (D 13 2h )
leading to only one type of V site with a formal valence +4.5 in this compound 16, 17 . The V sites then form a quarter-filled ladder running along the b-axis with rungs along the crystallographic a-axis. For low energy scales the quarter-filled ladder can effectively be mapped onto a s=1/2-chain along the b-axis as there is a considerable large charge transfer gap. Both the estimated charge transfer gap and the exchange coupling J agree well with the experimental observations 17, 18 . In principle, it is possible that this effective chain shows all the features one may expect from an ordinary one-dimensional spin chain, including a spin-Peierls instability.
On the other hand, for quarter-filled bands there are several other instabilities such as spin density wave or charge density wave transitions. As shown by Seo and Fukuyama 19 intersite Coulomb interaction is the most important parameter in this sense. It introduces charge disproportionation or other instabilities of the system. Therefore new scenarios for the phase transition in α ′ -NaV 2 O 5 are discussed. One possibility is to assume a primary charge order of the V sites into V 4+ with s=1/2 and V 5+ with no spin on either leg of the ladder leading to linear spin chains in b-direction. This charge ordering is followed by a secondary spin-Peierls transition 20 .
A different approach has been chosen by Mostovoy 
II. EXPERIMENTAL
Raman experiments were performed using an Ar + -ion laser (λ=514 nm) and a HeNe laser (λ=632.8 nm) as excitation source and a Dilor XY spectrometer. A nitrogen cooled CCD detector was used for detection of the scattered light. The single crystals were grown using a self flux method. Two different single crystals were available: One that showed a clear drop at T SP =34 K in susceptibility measurements and another one with a slightly broadened transition due to a small Na deficiency. These samples will be called here sample 1 and sample 2, respectively. The crystals are thin platelets of several mm diameter in the (ab) plane. Therefore all scattering geometries with polarizations within the (ab) plane were easy accessible by light scattering experiments. Other geometries could be probed using micro-Raman at room temperature. The samples were cooled in exchange gas of a standard
He-bath cryostat. With this setup light scattering in a temperature range 5 K≤T≤ 300 K was investigated.
III. RESULTS AND DISCUSSION
For the understanding of the observed phase transition and further possible instabilities in α ′ -NaV 2 O 5 it is important to clarify the high temperature phase. As mentioned above X-ray determination of the crystal structure gives doubtless evidence for only one type of V site at room temperature. This is also confirmed in polarized Raman scattering from phonons. Factor group analysis as described, e.g., in Ref. 25 The B g modes, on the other hand, appear in "crossed polarizations". In our experiment the (ab) scattering configuration with 3 B 1g modes expected is accessible. Figure 1 shows typical room temperature spectra for the geometries. Considering the room temperature spectra one finds some unusual features. The first striking point is the occurrence of quasielastic scattered light in (bb) polarization, i.e. with the polarization of the incoming and scattered light along the effective chain direction.
This scattering is not observed in (aa) spectra. It vanishes upon cooling the sample below T=100 K. It cannot be explained by the Bose-factor. Indeed, in CuGeO 3 a similar quasielastic scattering contribution was found with polarization parallel to the dominant exchange path (chain direction) 28, 29 and has been assigned to fluctuations of the energy density of the 6 spin system, a feature which is very general for 1D quantum spin systems . Furthermore, the phonons both in (aa) and (bb) geometry are broadened and show an asymmetric line shape in the frequency range from ∼ 250 to 700 cm −1 . This frequency regime corresponds roughly to energies of one to two times J (≈ 320-400 cm −1 ) pointing to a non-negligible spin-phonon interaction in this system.
A. Continuum scattering above T SP
The most remarkable signal in the room temperature spectra is nevertheless the broad Gaussian-like band of scattering ranging from 250 to 900 cm −1 and centered at about 650 cm −1 . Fig. 2a shows typical spectra in (aa) scattering geometry for several temperatures. Upon cooling to lower temperatures two effects are observed. First, the center of this band shifts toward lower frequencies. The shift is displayed in Fig. 2b) . Second, the intensity of the band decreases in favor of the phonon intensity at 533 cm −1 .
This shift of the broad band is nearly linear in temperature down to 100 K. Below 100 K the intensity is too small to be analyzed as the Gaussian-like shape has disappeared.
Instead an asymmetric tail of the 533 cm −1 phonon toward higher energies remains. This is a remarkable change in the shape of this broad excitation. In addition, its intensity shows a peculiar temperature dependence. A maximum at T=150K and a consequent drastic drop for lower temperatures is observed as it is shown in Fig. 2b ). The phonon at 533 cm −1 , on the other hand, shows a clear increase in intensity with decreasing temperature. To summarize, there is a redistribution of spectral weight for temperatures below 150 K suppressing the continuum scattering in favor of the phonon scattering.
We will discuss several scenarios to explain these experimental findings. First, electric dipole transitions between split crystal field levels, second a two-magnon scattering mechanism and third possible electron-phonon coupled modes observed in antiferromagnets.
Electric dipole transitions between crystal field split levels of d-electron states as the origin of the broad scattering contribution were suggested by Golubschik et al. 27 . These transitions between different crystal field levels should be discrete. The broad continuum-like shape observed at high temperatures may due to temperature smearing. Upon decreasing the temperature the discrete nature of the excitations should be recovered. However, this is not observed. In addition, independent of the lineshape, the intensity should not show the observed drastic dependence on temperature.
Two-magnon excitations can also lead to broad scattering bands in Raman scattering.
The corresponding Raman process is a frustration-induced four-spinon continuum as ob- More general, in systems with low energy excitations electronic satellites might appear on the high energy side of a phonon if the low energy excitations and the phonon couple to the same electronic state. This has been observed in Raman scattering on Tl 2 Ba 2 CuO 6 32 .
As the broad band in α ′ -NaV 2 O 5 is observed only for (aa) polarization it serves as a strong experimental evidence that there are additional low energy excitations in the a-direction, i.e. perpendicular to the ladder legs. Further theoretical investigations of this phenomenon are desirable, especially concerning its peculiar temperature dependence, as it will give valuable insight in the microscopic couplings between electronic and phononic degrees of freedom in the high temperature phase of this compound.
B. Magnetic Bound States
In the low temperature phase (T≤T SP ) several new modes do appear in polarizations along the "chains" (bb) (see Fig. 3 ), and perpendicular to them (aa) as well as in crossed polarization (ab) 33 . A survey of the frequencies of the additional modes is shown in Table   2 . Comparing the temperature dependence of the intensity, frequency and halfwidth of the additional modes we come to a clear distinction between the three modes at the lowest energies, i.e. at 67, 107, and 134 cm Nevertheless, the existence of such states is a quite general feature of low dimensional spin systems with a gapped excitation spectrum. We therefore assign the three modes at 67, 107, and 134 cm −1 to magnetic singlet bound states. With ∆ ST =85 K≡60 cm −1 from susceptibility measurements these three modes are situated below or near 2×∆ ST . This gap value is also confirmed in our Raman measurements as a drop in the background intensity below 120 cm −1 . The number and selection rules of the singlet bound states, however, differ from what has been observed in CuGeO 3 pointing to a different ground state and excitation scheme in α ′ -NaV 2 O 5 . We will discuss this point below.
Now one may raise objections against the interpretation of the modes as magnetic bound states. The first objection might be that the 67-cm −1 mode is comparable in frequency to the singlet-triplet energy gap (∆ ST =60 cm −1 ) and might therefore be just the one-magnon scattering which might be allowed due to spin-orbit coupling. However, the g-value in α ′ -NaV 2 O 5 is even closer to 2 than in CuGeO 3 12,35 , pointing to a negligible orbital momentum in this compound. Furthermore, if the 67-cm −1 mode would be interpreted as a one-magnon scattering, the 134-cm −1 mode may then be understood as the corresponding two-magnon scattering 36 . This, however, would be surprising since two-magnon scattering is strongly renormalized to lower frequencies already in two dimensional spin systems 37 .
A very important test on relevant spin-orbit coupling is the application of a magnetic field. This should lift the threefold degeneracy of the triplet state, resulting in a splitting and a shift of this mode. Fig.5 shows the 67-cm −1 mode measured in a magnetic field of 0, 4 and 7 T≡ 6.6 cm −1 . We neither observe a shift nor a splitting nor even a broadening of the 67-cm −1 mode. Therefore such a simple one-magnon interpretation can be clearly ruled out.
On the other hand, one might also suggest that our three bound states are not of magnetic but rather of phononic origin. Indeed, such phonon bound state phenomena have been observed for example in YbS 38, 39 . There, these modes were interpreted as excitons interacting with an LO phonon of frequency ω 0 giving rise to exciton-phonon bound states with frequencies ω = n × ω 0 , with n an integer and polarization selection rules identical with the original LO phonon. Finally, the linewidth of these bound states is a linear function of n. The first property can be found in our system on assuming an ω 0 of about 30 cm −1 .
However, no such phonon mode could be detected. Besides, the scattering intensity of the bound states in α ′ -NaV 2 O 5 appears not only in the fully symmetric scattering components (aa), (bb), but also in (ab). A similar disagreement is found for the linewidth that does not show a systematic broadening with n. Clearly, these experimental results are not compatible with our observations in α ′ -NaV 2 O 5 .
We will now use results on the Na deficient sample 2 to confirm the above made analysis and to prove that the energy of the bound states is closely related to the singlet-triplet gap. One of the most subtle problems preparing α′-NaV 2 O 5 samples is to control the Na content. Deviations from the nominal stoichiometry result in a shift of the ratio between V
4+
and V 5+ toward the nonmagnetic (S=0) V 5+ . This then acts as an effective substitution.
Systematic studies of Na deficiencies as reported in Ref. 40 indeed show that the drop in the magnetic susceptibility is suppressed and T SP is slightly shifted toward lower temperatures.
Comparing the data in Ref. 40 with the susceptibility data of our sample 2 we come to the conclusion that the latter has about 1% Na deficiency. In principle, both samples show the same Raman scattering results both in the high temperature and the dimerized phase.
In The parameter p depends on the order of the scattering process.
C. Ground state properties of α ′ -NaV 2 O 5
It can be stated that the modes at 67, 107 and 134 cm −1 can be described best as magnetic singlet bound states. They, however, do not fit both in number and in selection rules to the excitation spectrum of a frustrated and dimerized 1D Heisenberg chain, which exhibits only one singlet bound state. The intensity of this singlet bound state should only be observed with polarizations parallel to the dominant exchange path, i.e. along the chain direction.
In the high temperature phase (T≥ T SP ) α ′ -NaV 2 O 5 is described as a quarter-filled assuming a zig-zac chain structure corresponding to diagonal dimers as the ground state for T<T SP . Due to charge ordering driven by intersite-Coulomb interaction such a zig-zag type of charge disproportionation along the ladders occurs leading to dimers which are not only situated along the chain direction.
D. Charge ordering
Despite the above explanation of the low energy Raman spectrum in terms of a spin model with resonating dimer configurations the underlying mechanism that drives the system into the dimerized ground state is nevertheless still under discussion. One of the key questions is whether a charge ordering occurs and whether its energy scale is constrained by the large ∆ CT . Furthermore, it should be clarified whether charge ordering appears instantaneously with the singlet formation or whether two distinct consecutive transitions can be observed.
Experimental evidence for a charge ordering is given by the observation of two distinctly different V sites below T SP in NMR spectroscopy 41 . In thermal expansion data a double phase transition has been observed in a very small temperature interval near T=34 K 42 .
However, the interpretation of the data is not unambiguous. On the other hand, recent A new peak appears in the dimerized phase at 394 cm −1 as a shoulder of the 429 cm with Ω ≈ 422 cm −1 , and t ⊥ ≈ 0.35 eV 18 , we obtain ∆Q/Q ∼ 1. This implies very strong phonon-driven charge fluctuations 44 . Since the superexchange is determined by the hopping of electrons between the rungs, these charge fluctuations, in turn, cause fluctuations of the exchange parameter J, leading to a considerable spin-phonon coupling 45, 46 . In the lowtemperature phase the charge fluctuations are smaller than above T SP . However, they are still strong enough to make the ordering non-static. Therefore the fluctuations have to be considered as one of the driving forces for dynamical dimer configurations as manifested in the multiplicity of the observed magnetic bound states.
The temperature dependent frequency shift of the 422 cm −1 mode displayed in Fig.   8 shows that this charge ordering partly exists above T SP . At these temperatures the ordering can occur as zigzag-like fluctuations of V ions charges in parts of the ladders.
Therefore a crossover temperature of T CO =80 K is defined as the onset of the frequency shift compared to higher temperatures. This smooth crossover is typical for charge ordering in 1D. A similar behavior has been observed in neutron diffraction studies of stripe ordering in La 2 NiO 4+δ 47 . The super structure peaks corresponding to stripes of charges and of spins appear in this compound separated in temperature for T≤T CO =200 K and T≤T m =110 K, respectively. The appearance of T CO in the temperature dependence of the superlattice intensity is identical to our observations in α ′ -NaV 2 O 5 . As T CO =200 K exceeds T m by a factor of 2 charge ordering is proposed to be the driving force of this phenomenon in La 2 NiO 4+δ 48 . The same conclusion should hold for α ′ -NaV 2 O 5 as here charge ordering appearing below T CO =80 K sets the scale for the following singlet formation at T=34 K.
E. Fluctuations above the singlet ground state formation
Now the question arises whether the charge ordering might also show up in fluctuations in the magnetic light scattering. We will present two further low frequency scattering contributions that are detected for temperatures below T CO and assigned in that way. In Fig.9 the low frequency part of the (bb) spectrum is presented for T=5 K, 30 K, and 100 K. At 100 K only the high temperature phonons at 90, 178 and 223 cm −1 are observed. For T=5 K this spectrum is modified due to the existence of the additional low temperature modes. On the contrary, for T=30 K one finds a broad scattering contribution from 40 to 160 cm −1 .
This scattering contribution arises for temperatures below 80 K and peaks in intensity at about 30 K (Fig. 8b) ). With the low frequency modes emerging below T SP the intensity of this broad contribution drops again. There is this clear competition between the broad low frequency scattering contribution and the magnetic bound states both in their intensity as function of temperature and in the common frequency range. Therefore, it appears straightforward to assign this contribution to magnetic light scattering that is suppressed for T ≤ T SP .
A second observation of pretransitional fluctuations exists in the low frequency data in (ab) scattering geometry. The Raman data in this geometry is presented as a function of temperature in Fig.10 a) . A quasielastic scattering contribution is observed which again increases below 80 K peaking near T SP . Again this contribution is suppressed at lower temperatures due to the appearance of the magnetic bound states. In Fig.10 b) the temperature dependence of this intensity is shown. Clearly, it exhibits the same behavior as the broad contribution in (bb) polarization (Fig. 8b) ). For comparison we have included the temperature dependence of the sample 2 which has a 1% Na deficiency. Here the transition region appears to be broadened and the maximum signal occurs at lower temperatures compared to sample 1. However, it is important to note that the drop in this quasielastic light scattering contribution light does not coincide with T SP but rather with the occurrence of the magnetic bound states. These states emerge at considerable lower temperatures compared to the zone-folded phonons. Therefore this quasielastic scattering contribution can be clearly identified as originating from magnetic Raman scattering. In this sense the ω ∼ 0 scattering as well as the broad contribution in (bb) scattering geometry can be understood as dimer fluctuations in a charge ordered state. The main difference between both effects is that the ω ∼ 0 scattering in (ab) polarization is gapless.
A further phonon anomaly on the temperature scale of T CO =80 K is displayed in Fig.11 .
For the centrosymmetric space group D 
